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A case history of constructing offshore guide dikes on soft clay is presented in this paper. The guide dikes were constructed near the 
Shanghai Port, China, for deepening of navigation channel along the Yangtze Estuary. The guide dikes were designed as gravity 
retaining structures using prefabricated, semi-circular shaped concrete caissons. Some sections of the guide dikes were installed on a 
thick layer of soft soils. During the construction, the caissons in one section failed under a heavy storm. The causes of failure were 
investigated by running dynamic triaxial tests on undisturbed soil samples taken from the construction site, associated with the FE 
analysis.  It was found that the dike failure was induced by the strength weakening of the soft soil layer below the foundation. The 
design of the guide dike and the soil improvement works are described in this paper. Surcharge preloading and prefabricated vertical 
drains was adopted to improve the soft soils below the caisson.  The soil improvement measure was proven to be effective in 





As part of the Yangtze Estuary Development Project, guide 
dikes were constructed 40 km away from a busy port in 
Shanghai, China.  These guide dikes were used to facilitate the 
deepening of navigation channels and prevent future 
sedimentation within the channels.  The location and layout 








The guide dike consisted of a north dike and a south dik. The 
total length of the dikes was approximately 50 km. The water 
depth ranged from 5.0 to 8.5 m.  The design wave height was 
3.32 to 5.90 m with a return period of 25 years. The guide 
dikes were designed as gravity retaining structures using 
prefabricated, semi-circular shaped concrete caissons to resist 
the rough waves. 
 
The use of prefabricated, semi-circular shaped concrete 
caissons for dike or guide dike construction is a relative new 
technique. It was firstly developed in Japan and a test guide 
dike of 36 m was constructed using this technique at the 
Miyazaki port, Japan between 1992 and 1993 (Sasajima et al., 
1994; Tanimoto and Takahashi, 1994).  In China, the 
preliminary design of a semi-circular shaped guide dike for the 
New North Guide dike Project of Tianjin Port was performed 
in 1995. Then a guide dike was designed for protecting the 
south harbour area of Tianjin Port. This guide dike, 527m in 
length, was completed in September, 1997 (Xie, 1999). 
Subsequently, the same technique has been used for deeper 
water in the first phase of the Channel Deepening Project for 
the Yangtze Estuary in 1996. 
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The prefabricated, semi-circular shaped concrete caissons 
have the following advantages: 
1) All the wave and water pressures acting on the semi-
circular shaped surface pass through the centre of the circle. 
Thus, the overturning moment becomes very small and the 
vertical pressure distribution at the base of the caisson 
becomes more uniform.  
2) Study shows that the wave force acting on a semi-circular 
shaped guide dike is smaller than that on a vertical guide dike 
(Xie, 1999). The internal stress induced by the load applied is 
relatively small for an arch structure and thus the costs for the 
construction of the guide dikes can be reduced.  
3) The construction process is relatively simple and speedy, as 
no on-site concrete casting is required. 
 
However, as the technique is relatively new, there is not 
sufficient experience on how to treat the foundation soil 
properly and yet economically when the caissons are to be 
placed on soft seabed soils. On one hand, these caissons have 
to be tall and heavy enough to match the water depth and 
provide stability against the wave forces. On the other hand, 
when the caissons are too heavy, they cause settlement, 
bearing capacity, or stability problems. This is particularly the 
case when the foundation soil is very soft. Treating seabed soft 
soils offshore in relatively deep water over a large area is 
difficult and costly.  Therefore, it became a challenge on how 





The typical soil profile of the soil below the guide dike is 
shown in Fig. 2. It consisted of a 1.5 m to 3.5 m thick silty 
sand followed by 2 m to 4 m thick soft clay and an 
approximately 30 m thick soft clay underlying the muddy clay. 
The basic properties of the soils are given in Table 1.  The 
silty sand was very fine with a mean grain size of 0.15 mm. 
Although the soil below the guide dike in this zone was weak, 
the initial design was not to treat the seabed soft soil, but to 
use an adequate strong rubble mount to support the caissons. 
This approach was based on the following four considerations: 
1) It would be very expansive to treat the seabed soil offshore 
in relatively deep water;  
2) The guide dike could tolerate relatively large settlement, as 
it would be used mainly as a divider;  
3) As the guide dike was a strip load, the surcharge load would 
only be distributed to a certain depth. Under the surcharge 
load of the rubble mount, the geotechnical properties of the 
muddy clay near the top few meters would be improved with 
time, and thus the stability of the guide dike would be 
improved with time;  
4) Similar design had been adopted for other projects with 





Fig. 2.  Soil profile of the seabed soil along the navigation 
channel. 



















Sand 29.3 19.0 0.827 - - 
Muddy 
Clay 57.5 16.4 1.672 45.2 23.6 
Soft 
Clay 51.5 16.8 1.470 45.8 23.8 
 
DESIGN OF THE GUIDE DIKE 
 
The design of the guide dike is schematically shown in Fig. 3. 
The caisson used was prefabricated, semi-circular shaped 
concrete hollow segment, as shown in Fig. 3. The radius of the 
semicircle was 5.7 m. The base of each concrete segment was 
17 m wide and 19.94 m long. The hollow caisson would be 
filled with sand after installation through a 600 mm diameter 
hole on top of the caisson.  In order to enhance the stability of 
caisson and prevent the foundation soil from scouring, a layer 
of geotextile sheet and sand filled tube composite was placed 
onto the seabed to enhance the stability of the rubble mount. 
The sand tubes were 300 mm in diameter and spaced 500 mm 
apart at the edge and 1000 mm in the centre, as shown in Fig. 
3. Other detail of the sand tube will be described at a later 
section. A sand cushion of 700 mm thick was placed on top of 
the geotextile and sand tube composite layer before another 
geotextile and sand tube composite layer was placed on top of 
the sand cushion. This was toped by crushed stones of 1 ~ 100 
kg for the centre and 200 kg~400 kg for the edge were used to 
form a ruble mount platform at an elevation of -3.60, as shown 
in Fig. 3. The caisson was placed on top of this rubble mount. 
Berms were also placed on two sides of the caisson to enhance 
the stability of the guide dike. The berms were 1.7 m thick and 
made of 400 ~ 600 kg crushed stones. The hollow caissons 
were then filled with sand to an elevation of -0.8 m. 
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Fig. 3.  Cross-section of the prefabricated, semi-circular 
shaped concrete caisson. 
 





The construction for the guide dike in Section NIIB, as shown 
in 1(b), was completed in Oct 2002.  A heavy storm took place 
in December 2002. During the storm, 16 segments of the 
caissons in Section NIIB failed. Large settlements incurred 
suddenly and some caissons also moved laterally. A picture of 
the guide dike after the storm is shown in Fig.4. The 
maximum settlement was 5.78 m. The maximum lateral 
movement was more than 20 m. The wave height versus time 
curve is also plotted in Fig. 5.  It can be seen that a sudden 
settlement took place at the time when there was a surge in the 
wave height on 6 December 2002.  The guide dike had failed 
under the wave action.  To understand the causes of failure, 
dynamic triaxial tests on the muddy and soft clay were carried 









Fig. 5.  Settlement profile of the failed breakwaters. 
 
Dynamic triaxial tests on the muddy clay and soft clay   
 
General  It was understood that the muddy clay below the 
caissons was in a most critical state as the surcharge loads was 
just applied for 2 months.  Furthermore, it was identified that 
the following two factors had also contributed to the failure. 
The first is the additional surcharge load due to the dynamic 
action of the wave. The second is that the softening of soft soil 
below caissons, that is, a reduction in the undrained shear 
strength of the clay, under the wave loads.  The possibilities of 
liquefaction of the top silty sand layer and scour at the base of 
the caissons were ruled out as the causes after the 
investigation. 
 
Based on the elasticity theory, the vertical effective stress 
distributions due to both static and dynamic conditions are 
calculated as shown in Fig. 6. The ratio of surcharge load 
increment due to the wave action, ∆σv, to the surcharge load 
under static condition, σv, β = ∆σv / σv, is also calculated and 
plotted in Fig. 6.  It can be seen that under the wave action, the 
vertical overburden stress could increase by 15% due to the 
wave load. However, this effect becomes much less significant 
with increasing in depth. 
 
 
(a) distribution of surcharge  due to static and dynamic loads; 
 
(b) Increase in surcharge load due to the dynamic load as a 
percentage of the static surcharge load. 
 
Fig. 6.  Increase in surcharge load due to wave loads. 
 
 
Load path and test equipment  After the failure, some 
undisturbed soil samples were taken from the muddy clay 
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layer and cyclic triaxial tests were conducted.  The loading 




Fig. 7.  Load path before soil improvement. 
 
The tests were performed with the HX-100 dynamic triaxial 
test equipment, which is shown together with the undisturbed 
soil sample in Fig.8. According to the loading path, the sample 
was first consolidated with the in place initial stresses by self 
weight. Then the static load was applied in undrained 
condition. When the displacement of the soil sample was 
stable, the application of the cyclic load was applied also in 
undrained condition.  The combinations of the applied static 
load and dynamic load were determined according to the FE 
analysis results before and after soil improvement (see the 
later sections). 
 
Test results  The triaxial dynamic test was performed on an 
un-disturbed soil sample SY3-4 at depth 3.0-3.5m. The details 
of the soil sample, typical test conditions and results are listed 
in Table 2 and Table 3. The dynamic stress was applied and 
repeated for 1000 times (with a period of 6 seconds) on the 
soil sample. The pore water pressure (PWP) development is 
recorded and shown in Fig.9(a); the stress-stain relation for the 
first stress cycles in Fig.9(b); the accumulated stained 
developing with the number of cycles in Fig.9(c). 
 

















Clay 53 17.3 5.0 10.0 
 

























(a) Accumulated pore water pressure developing with time. 
 
 
(b) Dynamic stress-strain relation. 
 
 
(c) Accumulated strain developing with time. 
 
Fig. 9.  Typical dynamic triaxial test results. 
 
The strength of the soil samples were tested before and after 
the dynamic tests and shown in Fig.10. 
 
Point A: initial stress state 
Path AB: static loading caused by  
the stone foundation and 
the upper structure 
Path BC: cyclic loading caused by 
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Fig. 10.  Shear test results before and after dynamic loading. 
 
Total 25 soil samples were tested in the same way. The 
strength reduction coefficients are summarized and given in 
Fig.11. In this figure, both the additional static stress and 
dynamic are normalized by the confining pressure. Therefore, 
the strength reduction ratio can be determined with different 









To simulate the failure situation of the dike, the strength 
reduction of muddy clay was considered. Since both the initial 
stress, additional static stresses and dynamic stress for each 
element have been calculated, the strength reduction ratio for a 
specified element can be found from Fig.11. It can be seen that 
for the muddy clay elements under the structure, with the 
calculated static stresses and dynamic stress, the average 
strength can be reduced seriously. With the reduced strength 
and the load condition, the displacement of the dike is 
calculated. The ABAQUS software was used for FE analysis.  
The Mohr-Coulomb model is adopted for soil constitutive 
relation and the parameters are given in Table 3. 
 
Table 1.  Soil parameters for FE analysis 
 
Soil Stratum Depth /m c /kPa φ /° E /kPa ν 
Silty Sand 0-2.0 10.5 31.6 7500 0.32 
Muddy Clay 2.0-5.0 8.4 16.1 530 0.40 
Soft Clay Below 14 23 870 0.35 
 
The calculated results are shown in Fig.12. It can be seen that 
up to 5m settlement of the dike can be predicted when the 
strength softening of the muddy clay foundation soil is 




(a) Calculated initial static vertical stress. 
 
(b) Calculated additional dynamic stress under wave load 
without strength softening. 
 
(c) Foundation soil displacement vectors in failure condition. 
 
Fig. 12.  FE analysis result: the displacement chart when 
strength softening taking place. 
 
The calculation results show that the strength reduction needs 
to be taken into consideration in the design of the caissons.  
The large lateral displacement of the caisson also shows that 




To ensure the stability of the guide dike against future storms, 
a soil improvement scheme was adopted to improve the soft 
soil layer below the caissons, which was 5.0 m to 8.5 m below 
the sea level. Several soil improvement methods were 
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considered. The method to accelerate the consolidation 
process of muddy clay using prefabricated vertical drains 
(PVDs) was considered the most economical option. This 
method was also relatively easy to implement. The influence 
zone of the strip load was estimated to be 7.0 m below the 
seabed. Therefore, it was only necessary to install the PVDs to 
a depth of 10 m. The weight of the rubble mound was 
considered sufficient in providing surcharge. The PVDs were 
installed offshore from a specially designed PVD installation 
barge. There were 12 drain installation rigs on each barge with 
preset spacing of 1 m in square grid. The position of each 
drain was located using GPS. Each barge could mobile 12 
drain installation rigs and install 1185 numbers of drains per 
day on the average. 
 
The procedure for improving the soft soil before the placement 
of the rubble mount and the caissons was as follows:  
(1) PVDs were installed from the PVD installation barge at a 
spacing of 1.0 m in square grid to a depth of 10 m below the 
seabed;  
(2) A geotextile and precast concrete block composite was 
used to cover the seabed around the toe of rubble mount that 
face the open sea for the prevention of scour. The geotextile 
and concrete block composite and its installation method are 
shown in Fig.13. The concrete blocks were 400 mm×400 mm 
in square and 160 mm thick. They were attached to the 
geotextile sheet to form a composite. For the rest, the 
geotextile and sand tube composite was installed on the seabed. 
Sand was filled into the 300 mm diameter geotextile tubes 
from a barge on site before the geotextile and sand tube 
composite was placed. The tubes were spaced at every 500 
mm at the toe and 1000 mm at the centre of the rubble mount; 
(3) The 700 mm sand cushion was placed before the second 
layer of geotextile and sand tube composite was laid on top;  
(4) The crushed stones were laid on to the second geotextile 
and sand tube composite from a barge which also acted as a 
surcharge to consolidate the soil below; 
(5) The caisson segments were only placed after an average 
degree of consolidation of 80% was achieved, which took 




Fig. 13.  Installation of the geotextile and concrete block 
composite. 
 
The adopted soil improvement method has the following 
advantages:  
(1) The soft soil can be strengthened to increase the ability of 
resisting dynamic loads;  
(2) After consolidation, the weight of the foundation 
consisting of crushed stones becomes part of the consolidation 
stress, in stead of part of the structure load.  This means that 
after soil improvement, the soil becomes stronger and the 
static load becomes smaller.  As a result, referring to Fig.11, 
the constructed dike will become much safer. 
 
FIELD TESTS AND FIELD MONITORING 
 
To assess the effectiveness of soil improvement, the undrained 
shear strength profiles obtained from vane shear tests 
conducted before and after the preloading are compared in 
Fig.14. The duration of consolidation was 90 days, It can be 
seen that the vane shear strength increased by almost 2 folds 
as a result of consolidation using PVDs. It can also be seen 
from Fig. 14 that there were little improvement in the soil 
where PVDs were not reached. However, soils at these depths 




Fig. 14.  Field vane shear strength profiles before and after 
preloading using PVDs. 
 
The construction of the guide dike was completed in Dec 2003. 
The settlements of the guide dike were monitored after the 
construction. The settlements measured at six different 
sections at NIIB with time are shown in Fig. 15. The wave 
height versus time curve is also plotted in Fig. 15. It can be 
seen that the guide dike had experienced several strong storms 
caused by typhoons. Some of them were even stronger than 
the one that caused the failure. Even though, the guide dike 
was stable and there was no additional settlement caused by 
the storms. The settlement also stabilized in 5 to 6 months. 
The total settlements were within the expected range.  
Therefore, the use of PVDs has proven to be a successful 
method for this project.  The guide dike after construction is 
shown in Fig. 16. 
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A case study of using prefabricated, semi-circular shaped 
concrete caissons to construct offshore guide dikes on soft soil 
was presented in this paper. A failure case was also 
investigated by running dynamic triaxial tests on undisturbed 
soil samples taken from the construction site, associated with 
the FE analysis.  It was found that the dike failure was induced 
by the strength weakening of the soft soil layer below the 
foundation. It is learned through dynamic triaxial tests that 
under a heavy storm, the strength of the soft soil can be 
seriously reduced. This factor should be taken into 
consideration in the design.  Surcharge preloading plus PVDs 
was used to improve the soft seabed soil before the installation 
of the guide dike. With the use of PVDs, the soft soil was 
consolidated much faster and gained sufficient strength 
quickly to maintain the stability of the caissons. A geotextile 
and precast concrete block composite or a geotextile and sand 
tube composite was used to cover the seabed to prevent scour 
or enhance the stability of the caissons. A rubble mount made 
of crushed stones overlaying two layers of geotextile and sand 
tube composite with a sand cushion sandwiched in between 
was used. The rubble mount also acted as a surcharge for the 
consolidation of the soft soil. The prefabricated concrete 
caissons were installed only after an average degree of 
consolidation of 80%. Anti-slide rubber pads and pins were 
also used for the caissons to enhance its ability to against 
lateral sliding. This scheme has proven to be effective as the 
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